Balancing human and environmental water resource needs is critical to environmental sustainability. In this paper two concepts are advanced. First, a methodology is introduced to evaluate water management policies and their impacts on the characteristics of both instream flow and water supply reliability. The concept of an "ecodeficit" is introduced to quantify the impact of changes to the natural flow regime resulting from human withdrawals. This metric provides a numerical and graphical representation of the tradeoff between human and ecological needs for available water. Second, we evaluate an approach that involves both simulation and optimization of alternative reservoir release policies. We demonstrate that by refining the quantity and timing of reservoir releases the reliability of a water supply yield can be substantially maintained while improving the satisfaction of ecological flows requirements. These two concepts are early applications of a more comprehensive ecological water supply management approach currently under development.
Introduction
The growing human demands for water have attracted significant attention at the global level by the United Nations and other international organizations. The 2002 Summit on Sustainable Development held in Johannesburg, South Africa emphasized the need to "Improve the efficient use of water resources and promote their allocation among competing uses in a way that gives priority to the satisfaction of basic human needs and balances the requirement of preserving or restoring ecosystems and their functions, in particular in fragile environments, with human domestic, industrial and agriculture needs, including safeguarding drinking water quality."
As attention to the role of instream flow in environmental management increases (Postel and Richter, 2003; and Tharme, 2003) there will be an everincreasing need to balance multiple and competing water uses. A few states now have water management policies which seek to control water withdrawals. However, no comprehensive, systematic or proven methodology exists for balancing human and environmental flow needs. Such a proven approach is a prerequisite to the implementation of a state water management policy (Wollmuth and Eheart, 2000) .
There is an abundant literature which focuses on the optimization of multiple and competing releases of water from reservoirs for human-uses (see Labadie, 2004 for a recent review). Most previous reservoir operations studies have focused on optimizing the allocation of human uses of water for water supply, hydropower, irrigation, recreation and flood control. Of the hundreds of optimization-oriented reservoir operations studies reviewed by Yeh (1985) , Wurbs (1993) and Labadie (2004) , we have identified only three studies which focus on the optimal tradeoff among ecological and human flow needs (Sale et al., 1982; Palmer and Snyder, 1985; and Cardwell and Jager, 1996) . Other than these three studies, instream flow is normally considered as a hard, fixed constraint assuring that, say, some minimum level of streamflow is provided. Recent literature has emphasized that instream flow needs are far more complex than a fixed aquatic baseflow requirement (Richter et al., 1996 .
Interestingly, there is also an abundant literature on techniques for determining instream flow requirements and policies (see Postel and Richter, 2003 for a review). Yet the literature which joins techniques for determining instream flow requirements and instream flow policies to optimization methods for reservoir operations is surprisingly sparse. The goal of this paper is to develop a framework for evaluating the tradeoff between instream and human water needs. We employ optimization methods in an effort to demonstrate that we can develop instream flow and reservoir release policies which are attractive and beneficial to both instream flow and human water needs. Our approach involves a mathematical programming approach to a multiple objective optimization problem as part of our larger goal of developing a computer support system for negotiations of water allocation strategies.
A Negotiation Support System
Our approach involves an evaluation of the tradeoff between instream flow objectives and water supply objectives as is illustrated in Figure 1 . For example, water managers at one agency may wish to increase the minimum instream flow while water managers at another agency may wish to increase water supply reliability. The dashed line illustrates the standard zero-sum dilemma faced by those water managers. Every gain in instream flow will be met by a loss in water supply reliability, and vice versa. When the tradeoff curve in Figure 1 is optimal for a given water management policy, it is referred to as a Pareto frontier. Different water management policies will lead to different Pareto frontiers. There is no guarantee that an existing water management policy is optimal, so one of the goals of this research is to provide a methodology for arriving at the Pareto frontier for a given water management policy.
In addition to defining the Pareto frontier, we believe that it is possible to move beyond the standard zero-sum dilemma by developing adaptive management approaches designed to modify both water supply and instream flow requirements. Figure 1 uses a solid line to illustrate a Pareto frontier with knees which are obtained using an adaptive water management policy. An example of an adaptive policy might be through the use of triggers for both minimum flow releases and the use of demand management strategies. For example, water demands and/or releases might be systematically reduced during naturally low streamflows. The resulting knees in the Pareto frontier enable the water managers to negotiate more readily because the game is no longer a zero-sum game. There are two goals of this study: (1) to develop a methodology for arriving at a Pareto frontier for a given water management policy and (2) to employ that methodology for arriving at improved water management policies which lead to improved negotiations among human and instream flow objectives. Our long-term goal is to develop a computer support tool that we term a negotiation support system, which enables one to move iteratively along two jointly improving water management objectives resulting in a series of tentative agreements, ultimately leading to a Pareto-optimal water allocation agreement. Here we will draw upon recent advances in identifying Pareto-optimal agreements for two-party allocation negotiations (Teich et al., 1996) and multi-party negotiations for joint gains (Ehtamo et al., 2001 ).
Methodology
Our methodology requires definitions of an instream flow objective and a water supply objective. In addition, the approach requires assumption of a water allocation or management policy as well as formulation of the problem in an optimization framework. The following sections outline these issues.
Water Supply Objective:
There are a wide range of possible water supply objectives, ranging from such concepts as vulnerability, resilience and reliability, to water quality, security and cost. Of all the possible water supply objectives, reliability is probably the most common, associated with nearly every water supply project. Although there are clearly other objectives, in this initial study, we employ maximization of reliability as the single water supply objective. Water supply reliability, R, is defined as average annual reliability, where the annual reliability is simply the frequency with which the target water supply yield can be provided in a given year.
Instream Flow Objective:
There are a wide variety of instream flow methodologies that are useful for defining instream flow objectives (Tharme, 2003) . Jowett (1997) reviews three categories of instream flow assessment methods: (1) historic streamflow methods, (2) hydraulic methods and (3) habitat methods. As the name implies, historic streamflow methods rely solely on estimates of the historic flow regime of the river. Hydraulic methods relate properties of river cross section and stream reach hydraulic geometry to stream discharge. Habitat methods are an extension to historic streamflow and hydraulic methods because they relate stream discharge and hydraulic properties of a river cross section to biological requirements for a particular aquatic species. On the one hand, habitat methods directly quantify the benefits of instream flow to aquatic habitat; on the other hand, they are far more data-intensive than either historic streamflow or hydraulic methods.
In this initial study, we chose historic stream flow methods for their conceptual simplicity and greatly reduced data requirements. Behind the simplicity is a compelling argument-the premise that ecological integrity is best supported by protection of natural flow regime characteristics, and departures from natural flow conditions can be expected to result in degradation in river health (Poff et al. 1997; Bunn and Arthington 2003; Annear et al. 2004 ). This choice is also a key feature which distinguishes this study from the optimization studies by Sale et al., (1982) , Palmer and Snyder (1985) and Cardwell and Jager, (1996) .
We considered employing an existing historic streamflow method to quantify our overall instream flow objective. However, we could find none that resulted in a single, easily measured flow characteristic which reflects the overall ability of a stream to meet its instream flow needs. The existing methods range from relatively simple standards such as the Tennant method (Tennant, 1976) which is based on a percentage of mean annual flow, to the more complex indicators of hydrologic alteration (IHA) (Richter et al., 1996) and the range of variability approaches (RVA) ) which involve thirty-two different hydrologic statistics. Each of these was developed for specific purposes and was not designed to provide a single measure for evaluating our instream flow objective. Instead, we developed a new historical streamflow method which we term the ecodeficit, described below.
A New Instream Flow Methodology -The Ecodeficit: Flow duration curves are used widely in a variety of instream flow assessment methods (Vogel and Fennessey, 1995) , as they provide an excellent graphical illustration of the overall hydrologic state of a river system. A flow duration curve (FDC) is simply a plot of the ordered daily streamflow observations Q (i) (where i=1 is the largest flow) as a function of their exceedance probability p i = i/(n+1), where n is the number of days of flows and i is the rank. Two different types of FDC's are possible: (1) period-of-record FDC's and (2) the annual average FDC-representing the flows in an average year-which are used here (see Vogel and Fennessey, 1994) . The average annual FDC is simply the average of many annual FDC's. An annual average FDC (termed FDC hereafter) represents the exceedance frequency of streamflow in a typical, or average year. Figure 2 uses a light gray curve to illustrate the FDC for a river which is not subject to any withdrawals, hence is said to be unregulated. Figure 2 uses a solid black curve to illustrate the FDC for the same river over years in which water withdrawals are made, termed the regulated river. The area below the unregulated FDC and above the regulated FDC, shaded magenta in Figure 2 , is termed the ecodeficit. The ecodeficit area represents the net volume of water which is now unavailable for instream flow needs due to the water withdrawals. Conversely, if the regulated FDC rose above the unregulated FDC, we would term the resulting area between the curves an ecosurplus. Despite the connotation associated with the term "ecosurplus," we note that any change in the natural flow regime, whether higher or lower, can impair ecological integrity, depending on the magnitude, timing, duration, and frequency of those deviations (Poff et al, 1997) . Ecosystems depend upon both high flows and low flows for optimal health.
The ecodeficit provides a simplified representation of ecological need, as compared to the use of the more complex IHA and RVA hydrological approaches. Future research needs to be performed to evaluate the ability of the ecodeficit to adequately and fully address the ecologically-based instream flow needs.
Figure 2 -Definition of an Ecodeficit

Balancing Human and Instream Flow Needs -A Simple Case Study:
The following section describes a case study in which we explore the use of an optimization methodology for determining the Pareto frontier representing the tradeoff between our two objectives (1) maximization of water supply reliability and (2) minimization of the ecodeficit (we ignore the ecosurplus in this initial study). This case study involves use of data, such as daily streamflow, monthly variations in water demand and reservoir storage capacity, that correspond loosely to actual conditions for a water supply system in Massachusetts. Water release policies are simulated over a 30 year period using observed daily streamflow from a USGS streamflow gage.
Water Withdrawal Policy Evaluation:
In this initial study we only consider three alternative release policies:
1. The first policy was to assure that all reservoir releases met a seasonallybased instream flow standard. This standard includes three different values, including a summer, fall and winter/spring standard. 2. The second policy only releases the seasonal standard if the inflow to the reservoir is greater than the seasonal standard -that is, when inflow drops below the standard, only the amount equal to the inflow is released. 3. The third policy attempts to optimize monthly releases in an effort to minimize the ecodeficit while simultaneously maximizing the water supply reliability. Both the releases and the reliability are given equal priority.
In policy 1 the daily release target is always the standard, wheras in policy 2 the daily release target is either the standard or the reservoir inflow, whichever is smaller. Therefore, policy 1 results in flow augmentation during times when inflows are less than the seasonal standard, while policy 2 never results in flow augmentation. Our more comprehensive study will consider a much richer and wider range of water withdrawal regulatory scenarios than described above, such as the five regulatory scenarios considered by Wollmuth and Eheart (2000) .
Simulation Results: Figures 3 and 4 illustrate the FDC's resulting from a simulation of the implementation of policies 1 and 2, respectively. In each of Figures 3 and 4 , the unregulated or natural FDC is shown using a grey curve and the regulated FDC is shown using a black curve. The seasonal nature of the standard results in a "stair step nature" to the regulated FDC in Figure 3 . The addition of the limit on the reservoir release requirements based on available inflow in policy 2 results in an increase in water supply reliability over policy 1 from 62% to 95%, at the expense of ecodeficit, which increases from 30% to 44%. What one observes clearly in Figures 3 and 4 is the tradeoff between the ecodeficit and water supply reliability. Neither of the results in Figures 3 and 4 are necessarily optimal, because no effort was made to either maximize reliability or minimize the ecodeficit. In addition, both policies 1 and 2 led to abrupt shifts in the FDC particularly for high flows, because neither withdrawal policy attempts to preserve flood flows.
Optimization Results:
In an effort to improve BOTH the water supply reliability and the ecodeficit, an optimization approach is introduced in an effort to arrive at optimal reservoir withdrawals. A genetic algorithm was used to select alternative monthly targets for a new policy that would maximize the sum of water supply reliability and '1-Ecodeficit,' with the reliability and 1-Ecodeficit given equal priority. Here we work with '1-Ecodeficit' rather than the Ecodeficit, so that both objectives improve as they are maximized. The optimization was run with both the reservoir release limitation on and off. As before, the reservoir release limit dictates that the full monthly target is released only if it is less than the reservoir inflow; at all other times, the release equals the inflow. Figure 5 illustrates the results of the optimization with the release limitation off, which resulted in an increase in water supply reliability from 62% to 86% while also very slightly improving (i.e., reducing) the ecodeficit from 30% to 29% (1-ecodeficit improves from 70% to 71%). The monthly targets can be seen in the 'steps' of the optimized curve. Figure 6 illustrates the results of the optimization with the release limitation on which maintained the water supply reliability at 95% while slightly improving the ecodeficit from 44% down to 40% (1-ecodeficit improves from 56% to 60%). Here the monthly steps are smoothed because releases are limited by the amount of inflow. Figure 7 . Water supply managers seek to maximize water supply reliability and instream flow managers seek to maximize 1-ecodeficit, so that the goal would be to have R=100% and 1-ecodeficit=100%. The solid squares illustrate the result of Policy 1 and 2, whereas the open squares illustrate the optimization results corresponding to policy 3. Figure 7 demonstrates that optimization can lead to gains from the perspective of both the water supply managers and the instream flow managers. In other words, an optimal water withdrawal strategy can be devised which increases both water supply reliability and instream flow. One also observes from Figure 7 that limiting the reservoir releases by the inflow to the reservoir leads to rather significant and consistent increases in water supply reliability. We observe from 
Conclusions
There is an ever increasing need and attention being given to balancing human water needs and ecological flow needs. The problem of optimal water allocation has received significant attention in the literature, however nearly all previous literature has focused primarily on allocating water among competing human needs. There is an extensive literature relating to each of the following individual subjects: (1) instream flow needs, (2) regulatory policy for water withdrawals and (3) optimal allocation of water withdrawals, however, we believe this is one of the first studies to introduce a methodology which integrates these three areas. Previous research by Sale et al., (1982) , Palmer and Snyder (1985) and Cardwell and Jager (1996) is analogous to this study, and combined with this study form the basis for future research in this area. This study differs significantly from those studies because they employed the more complex, timeconsuming and data intensive habitat-based approaches to determining instream flow needs that were primarily focused on low flow protection for game fish. This study introduced the concept of an ecodeficit to enable a broader evaluation of instream flow needs, while simultaneously exploiting one of the most common methods of water allocation, the flow duration curve (FDC). We show that use of optimization, along with sensible regulatory strategies, can result in improvements in BOTH water supply reliability and in instream flow. We plan to use these concepts as part of our efforts to develop a more comprehensive approach to ecological sustainable water management that includes the use of demand management to reduce water supply needs and the use of more sophisticated reservoir release policies that take into account hydrologic regime protection as well as inter-and intra-annual flow variability.
